Abstract-The paper is focused on estimation of orientation and angular rate of quadrotor Unmanned Aerial Vehicle (UAV). The data from the triaxial accelerometer, the triaxial gyroscope and the magnetometer are used as measurements. The impact of additional, more precise, but short-range, accelerometer is discussed. For estimation the Unscented Kalman filter (UKF) is used with nonlinear discrete model of quadrotor UAV.
I. INTRODUCTION
Orientation of quadrotor UAV is essential for its navigation and stabilization. The vector of movement of the helicopter in space is mainly based on sum of the gravitational vector and of the total thrust vector which is generated by the helicopter's rotors. Basically the movement is affected by the direction and the length of the total thrust vector. The direction of the total thrust vector depends on the UAV's orientation. Therefore the orientation has to be known with high precision.
Standard sensors which are used for estimation of the orientation in the UAV applications are microelectromechanical systems (MEMS) based triaxial digital accelerometers and gyroscopes, which are frequently used due to their low cost and small size and they are grouped together into inertial measurement unit (IMU). The accelerometer measures the sum of static and dynamic acceleration. Under constant motion only the influence of the Earth's gravitational field is reflected. It should be noted that it is necessary to cope with a high-frequency noise. This noise is typically caused by the imperfections of the sensor and by the vibrations of the UAV platform. The digital gyroscope measures angular rate. In the case of gyroscopes beside the noise it is necessary to deal also with the measurement bias. In long term it can negatively influence the accuracy of the orientation estimate.
Common method dealing with the orientation estimation is the complementary filter. The base idea of the complementary filter is to combine the high-frequency and the low-frequency part of the gyroscope and the accelerometer measurement, respectively. There are many different approaches of complementary filter implementation, see e.g. [1] - [4] .
More advanced methods are based on the Kalman filtering techniques, see e.g. [5] . These methods make it possible to deal with measurement errors and biases, which can be estimated.
Moreover it is possible to fuse the information from many different measurement sources. They have also the advantage of employment of the UAV motion model that helps to increase the estimate accuracy.
Usually, the measurements from the 6DoF or 9DoF IMUs are used, however, they are often supplemented with measurements from e.g. GPS modules to increase the estimate accuracy. In this article the use of additional accelerometer will be presented. The goal of the paper is to analyze the influence of an extra accelerometer on the orientation estimate quality. The additional accelerometer will be more precise in acceleration measurement, however, it is designed for measurement of lower acceleration. And in comparison to the original accelerometer it has very limited range of measurement.
II. QUADROTOR UAV
The quadrotor UAV is type of a helicopter with four rotors [6] . The neighboring rotors have opposite direction of rotation because of countering of the rotor moment. Only the rotors with fixed position are assumed in this article. It means that the UAV's movement is affected only by the speed of each rotor.
The UAV is moving in space A, see Fig. 1 , which is described as local frame with the Cartesian coordinate system, where its position is r A = [x A , y A , z A ] T . The body frame B is fixed to the UAV's body and the position in this frame is described as r B = [x B , y B , z B ] T . The frame B used for description of forces and torques which are influencing the UAV's body. Additionally, the rotations are described because of torques in the body frame with Euler angles
The basic dynamic model of the quadrotor UAV can be described with the Newton-Euler equations (3) and (4)
where is the vector of the gravitational acceleration, R AB is the rotation matrix, F are the forces affecting the UAV, m is the mass of the UAV, I is the matrix of the inertia and M are the torques, which are affecting the UAV. The rotation matrix R B A is used for the transformation of the vectors from the body frame B to local the frame A and it is described as
where c and s is equal to cos and sin, respectively. The rotation matrix has following properties
where I 3,3 is the identity matrix with size 3 × 3,˙ × is skewsymmetric matrix of angular rate and R AB is rotation matrix, that can transform vector from the local frame A to the body frame B.
The force affecting the UAV is generally described as
where T is the total thrust of rotors, k T is the coefficient of the rotor thrust, and ω i , where i = {1, 2, 3, 4}, is the angular rate of the rotor i.
The torques, which are produced by the rotors, are described as
where M φ , M θ and M ψ are the torques relevant to the Euler angles φ, θ and ψ, respectively. M φ and M θ are produced by the rotor thrusts and M ψ depends on the rotor moments. l is the length of the UAV's arm and k M is coefficient of the rotor's torque.
III. UNSCENTED KALMAN FILTER
The orientation of the UAV cannot be observed simply through the on-board sensors. There is problem with inaccuracy of the sensors in their physical nature and with noises, which can appear as a result of the UAV's vibrations during the flight. To minimize these imperfections an estimator can be used. Due to the nonlinear nature of the UAV model and of the measurement function, the nonlinear estimator will be employed. As the estimator the Unscented Kalman filter, see e.g. [7] , was chosen.
The nonlinear system can be described using following stochastic state-space model
with the initial stage x 0 given by probability density function (PDF) p(x 0 ). The time-step k is related to the continuous system as
nonlinear time-invariant vector measurement function, w k is system noise, that is assumed as Gaussian noise with zero mean and positive definite covariance matrix Q, v k is noise of measurement, which is assumed as Gaussian noise with zero mean and positive definite covariance matrix R.
A. Model of UAV's dynamics
The Nonlinear model of the UAV is used to achieve better quality of the estimate. This model is based on the equation (4) and additionally it is supplemented with the gyroscope bias.
The full vector of the state is described as
where
and
T is the bias of gyroscope in measurement of the angular rateφ k ,θ k andψ k , respectively. Input of the system u k in the time step k is described as
are related to the orientation and the angular rates and are defined by relation (17) in the Appendix. The remaining vector function elements describe the biases of the sensors, i.e.
B. Measurement model
The measurement function h(x k , u k ) is also a vector function defined as
The scalar functions h 1 (·), h 2 (·) and h 3 (·) are derived from equation (3) where the acceleration is transformed to the body frame B. The measured accelerations (given in m · s −2 ) are defined by the sum of dynamic (caused e.g. by rotor thrust) and static (caused by gravity) accelerations.
where R AB,k is the rotation matrix from the local frame A to the body frame B in time step k and F k is force, which affects the UAV in time step k.
The functions h 4 (·), h 5 (·) and h 6 (·), which are related to the measurement of the second accelerometer, are defined in the same way. Thus, the corresponding measurement model is the analogous as in case of the first accelerometer, i.e. ⎡
The remaining scalar functions
C. Description of estimator algorithm
The Unscented Kalman filter, see [5] , [8] , [9] , is approximate local filtering algorithm, which uses the Unscented Transformation (UT) to get approximation of the filtering and the predictive PDFs.
1) Unscented Transform:
The UT can be used for getting the approximation of PDF, which is transformed through the nonlinear function. An assumption of Gaussianity of the PDF is made. In the beginning sigma points, the smallest count of points, that can describe the PDF, are deterministically chosen. The rules for the choice of the sigma points are given in the following equations
m is weight of the mean, w
[0] c is weight of the covariance matrix,x, P and n are mean, covariance matrix and dimension of Gaussian PDF, respectively. The scaling parameter λ is calculated according to the equation
where α and κ are parameters which determine spread of the sigma points around the mean. β is related to the PDF. β = 2 is optimal for the Gaussian PDF. √ P i is i-th column of the square root of matrix P.
2) Unscented Kalman filter: In the time step k = 0 the parameters of a prior PDF are set equal to the initial conditions of the state, i.e p(x 0 |z −1 ) = p(x 0 )
Than the filtering step at time instant k can be performed according to following relations
where Z k|k−1 are the sigma points propagated through the nonlinear function h(·),ẑ k|k−1 is the predicted measurement mean. S k is the predicted covariance of the measurement, P x,z k|k−1 is cross-covariance of state and measurement. K k is the Kalman gain,x k|k is filtering mean and P k|k is filtering covariance.
The prediction step at time instant k + 1 is performed employing following set of relations
k+1|k −x k+1|k X * [i] k+1|k −x k+1|k
where X k|k are the sigma points and γ is calculated as
Afterwards sigma points are propagated through nonlinear function f (·). It is accomplished by propagation of sigma points one by one. Propagated sigma points are stored in X * k|k . As result the predicted meanx k+1|k and covariance P k+1|k are obtained.
The filtering step is executed again after subsequent measurement.
IV. EXPERIMENTAL RESULTS
In this section several scenarios will be presented in order to analyze the influence of an additional accelerometer on the orientation estimate quality. These scenarios will be examined in the series of simulations. These simulations will be performed using the time-continuous model of the quadrotor UAV.
For the analysis of the scenarios the root mean square error (the RMSE) between the state estimates and the state of the simulated UAV will be used. The RMSE is evaluated using following formula
where M is equal to the number of performed simulations. There were performed 350 simulations for each scenario. The initial conditions of every simulation were set as E [x 0 ] = [0, 0, 0, 0, 0, 0, 0.01, 0.01, 0.01] T and P 0 is diagonal matrix with elements P 0 1,1 , . . . , P 0 6,6 = 1 · 10 −3 and P 0 7,7 , . . . , P 0 9,9 = 1 · 10 −1 .
A. Simulation
In the simulation the UAV carried out very aggressive maneuvers, where the helicopter was controlled to do one quick step in φ angle and than change it again to 0, which caused movement of helicopter in the y B -axis. In the same time the helicopter was commanded to do fast changes in θ, which cased zigzag movement in the x B -axis. These fast changes in θ continued for sixty seconds. During the whole flight the ψ angle was tilted around 0 rad. Values of angles can be seen in figure Fig. 2 .
B. Scenarios
Data from simulation were used in three scenarios with different sets of accelerometers.
1) The first scenario: Measurement from the extra accelerometer was not used.
2) The second scenario: Measurement from the extra accelerometer was used in its working range (i.e. in the interval −1.7, +1.7 in [g] which corresponds to −16.67, +16.67 in m · s −2 ).
3) The third scenario: Measurement from the extra accelerometer was used even if the working range was exceeded. If the acceleration range is exceeded, output of accelerometer is cut to its minimal or maximal value in range.
C. The parameters of simulated UAV
The parameters of the UAV model considered in the simulation experiment are presented in the Table I . The same parameters were used in the function f (·) and h(·) used in the UKF describing the UAV dynamics and measurement model, respectively. The sampling time is set as T s = 1 · 10 −3 . Q and R are diagonal matrices and their elements are described in the Table II with parameters of the UKF. 
D. Results of simulations
The figure Fig. 3 presents the RMSE for the angle θ corresponding to the time of the aggressive maneuvers. The RMSE for the scenario with the active extra accelerometer measurement is on the subfigure Fig. 3a and the scenario without the extra accelerometer measurement is shown on the subfugure Fig. 3b . It is possible to observe, that the RMSE is lower when the extra accelerometer is activated, also the RMSE with disabled extra accelerometer looks like a saw (estimates are worse when large changes of orientation are occurring). The results in figures were shown for the angle θ because of the biggest differences and comparison with the always active extra accelerometer was not shown because it is visually very close to the second scenario, where the extra accelerometer measurement is used only in its range.
Further comparison can be provided based on the data presented in the Table III . It can be seen that the best results were achieved in the scenario, where the accelerometer measurement was used even if the acceleration was out of range of sensor. The RMSE is lower due to the fact that the maximal acceleration during the flight was over the measurement range of the extra accelerometer, but still near to the real values.
The results imply that the extra accelerometer has a positive impact on the orientation estimate quality. The greatest impact is observable when the UAV performs aggressive maneuvers. Between the scenarios with the extra accelerometer there were not obsereved big differences. The second scenario using the measurement only in range of accelerometer is advantageous in the terms of saving the computational power and in application in the terms of saving the energy because of turning off the extra accelerometer power-supply (range of the extra accelerometer can be measured by the first one).
V. CONCLUSION
The paper was focused on analysis of impact of multiple accelerometers IMU employment on the orientation estimate quality. The model of the UAV dynamics and the measurement model for the multiple accelerometers IMU were presented. An analysis of influence of various scenarios of multiple accelerometers IMU configuration was performed. The quality of the orientation estimates was tested using numerical simulations where the RMSE of the Euler angles was computed and compared.
The simulations results imply that the extra accelerometer can indeed improve the quality of the orientation estimates. It can eliminate large fluctuations, when the aggressive maneuvers were performed.
Further goal is to implement estimator on real flight controller and to do analogous analysis on the real quadrotor UAV with multiple accelerometer IMU. ACKNOWLEDGMENT This publication was supported by the project LO1506 of the Czech Ministry of Education, Youth and Sports.
APPENDIX EQUATIONS OF ROTATIONAL DYNAMICS FOR DISCRETE

MODEL
The discrete model of the UAV's rotational dynamics, which is described using the Euler angles and the angular rates, is derived from the equation (4) using Taylor-Lie series, see [10] , with precondition of input which is constant in time-steps and diagonal matrix of inertia I. The series was calculated to the second order terms (as a compromise between a precision of model and computational complexity). The final model is described as 
